Introduction
Macroautophagy (hereafter autophagy) refers to the engulfment of cytoplasmic contents, such as a portion of cytosol, mitochondria, or the ER, in a double-membrane autophagosome and their delivery to the vacuole (in yeast) or lysosomes (in multicellular organisms) for degradation. Formation of the autophagosome involves multiple membrane remodeling processes, including initiation and nucleation of a cup-shaped isolation membrane (IM; also known as the phagophore) and its subsequent expansion and closure (Nakatogawa et al., 2009; Lamb et al., 2013; Feng et al., 2014) . By degrading and recycling sequestrated materials, autophagy acts as a survival mechanism in response to a variety of stress conditions. Autophagy also removes damaged organelles and/or misfolded proteins in a highly selective manner to maintain cellular homeostasis. Selective autophagy requires adaptor molecules that link the cargo to the autophagic machinery (Stolz et al., 2014; Anding and Baehrecke, 2017) .
Our basic understanding of the molecular mechanism of autophagosome formation mainly comes from the study of a set of autophagy-related (ATG) genes identified from yeast genetic screens (Nakatogawa et al., 2009; Lamb et al., 2013; Feng et al., 2014; . ATG proteins form different complexes and act coordinately for autophagosome biogenesis. In brief, the ATG1 complex (composed of ATG1, ATG13, and ATG17) and the class III phosphatidylinositol 3-phosphate (PI(3)P) kinase complex (composed of VPS34, VPS15, ATG6/Beclin1, and ATG14) are required for initiation and nucleation of IMs. Vesicles carrying the integral membrane protein ATG9, known as ATG9 vesicles, may provide the membrane source for initiation of IMs. ATG9 is later retrieved from autophagosomal membranes, a process controlled by the ATG2/ATG18 complex. The two ubiquitin-like conjugation systems, including ATG7 (E1 enzyme)/ATG3 (E2 enzyme)/Atg8 family members (ubiquitin-like molecules) and ATG7/ATG10 (E2 enzyme)/ATG12 (ubiquitin-like molecule), function in autophagosomal membrane expansion and closure (Nakatogawa et al., 2009; Lamb et al., 2013; Feng et al., 2014) .
The autophagy pathway in multicellular organisms is much more complex, containing steps that are not present in yeast (Lamb et al., 2013; Zhang and Baehrecke, 2015; . For example, in yeast, autophagosomes are generated at a single site, called the preautophagosomal formation site, and directly fuse with the vacuole. In multicellular organisms, autophagosomes are formed simultaneously at different sites, and nascent autophagosomes fuse with vesicles originating from the endolysosomal compartments before eventually forming degradative autolysosomes. Lysosomes are regenerated after the sequestrated materials are degraded. In this review, we will discuss recent advances in understanding the mechanism underlying the conversion of nascent autophagosomes into functional autolysosomes.
It is useful to clarify a few terms describing the steps after autophagosome formation. Autophagosome maturation refers to the process involving the progression of nascent autophagosomes to degradative autolysosomes. It is often misused to refer to progression from IMs to autophagosomes. The term amphisome refers to structures containing both autophagic and endocytic materials, while the term autolysosome indicates structures containing autophagic and lysosome-specific contents such as hydrolases (Eskelinen, 2005) . Although LAMP1 is routinely used as a marker for lysosomes, LAMP1-labeled compartments are actually heterogeneous in nature (Cheng et al., 2018) . Lysosomal membrane proteins such as LAMP1 and LAMP2 are transported from the trans-Golgi network by vesicles, and they can accumulate in vesicles of different compartments if the trafficking process is impaired. Therefore, assays monitoring acidification and lysosomal hydrolases are more accurate than LAMP1/2-labeling methods to distinguish autolysosomes from autophagosomes/ amphisomes. The term autophagic vacuole (AV) refers collectively to autophagic structures after autophagosome formation, including autophagosomes, amphisomes, and autolysosomes.
Autophagosomes are formed at the ER In multicellular organisms, the ER functions as a platform for the recruitment of ATG proteins for autophagosome formation. Upon autophagy induction, the ULK1/FIP200 complex (the mammalian Atg1 complex) is targeted to the ER and recruits the PI(3)P kinase complex for generation of PI(3)P (Itakura and Mizushima, 2010; . The specialized PI(3)P-enriched subdomains of the ER, named omegasomes, provide platforms for IM nucleation and expansion ( Fig. 1 ; Axe et al., 2008) . The possible membrane sources for the initial nucleation of IMs include COP II vesicles, ATG9 vesicles, and membranes originating from omegasome structures (Lamb et al., 2013; Karanasios et al., 2016) . Plasma membrane, mitochondria, ER-Golgi intermediate compartment, COP II vesicles, and ATG9 vesicles have all been suggested to contribute membrane sources for IM expansion (Hailey et al., 2010; Ravikumar et al., 2010; Orsi et al., 2012; Ge et al., 2013; Graef et al., 2013; Puri et al., 2013; . The IM is closely apposed with the ER and is also linked to the ER by tubular membrane extensions, collectively referred to as ER-IM contacts (Hayashi-Nishino et al., 2009; Ylä-Anttila et al., 2009) , at which lipid transfer between the ER and IMs may occur (Prinz, 2014; Phillips and Voeltz, 2016; Zhang and Hu, 2016) . Several factors have been identified that mediate the formation of dynamic ER-IM contacts. The two ER-resident tail-anchored VAP proteins (VAPA and VAPB) interact with FIP200 and ULK1 through their conserved FFAT motifs (two phenylalanines in an acidic tract), contributing to the recruitment of ULK1 and also stabilization of the ULK1/FIP200 complex at the autophagosome formation sites on the ER . The interaction between FIP200 and the WD40-repeat containing PI(3)P-binding protein WIPI2 (one of four mammalian ATG18 homologues) also participates in mediating the ER-IM contact (Zhao et al., 2017 . Yeast ATG2 tethers the ER to the leading edges of the growing IMs by simultaneously binding to the ER and also acting cooperatively with Atg18 to bind ATG9 at the IM extremities (Gómez-Sánchez et al., 2018; Kotani et al., 2018) . Whether mammalian ATG2 also participates in ER-IM contact formation has yet to be determined. The ER-transmembrane protein EPG-3/VMP1 modulates disassembly of ER-IM contacts. VMP1 activates the ER Ca 2+ channel SER CA to disassociate IMs from the ER, probably through perturbation of local Ca 2+ concentration (Zhao et al., 2017) . VMP1 depletion causes stable association of IMs with the ER, and the IMs then fail to proceed into closed autophagosomes (Zhao et al., 2017) .
The final closure of IMs into autophagosomes appears to be completed by membrane abscission mediated by the endosomal sorting complex required for transport (ESC RT; Yu and Melia, 2017; Takahashi et al., 2018) and is accompanied by a change in morphology from elliptical expanding IMs to spherical sealed autophagosomes (Tsuboyama et al., 2016) . This process is impaired in cells deficient in the ESC RT machinery and also the ATG8 conjugation system (Tsuboyama et al., 2016; Takahashi et al., 2018) . Autophagosomes are generated at PI(3) P-enriched subdomains of the ER, called omegasomes (Ω). A cup-shaped autophagosomal precursor structure, the IM, forms in close association with the omegasome. Upon closure of the IM, cytoplasmic contents are enclosed in double-membrane autophagosomes, also known as AVi. Autophagosomes undergo a series of fusion processes with various endolysosomal compartments, including the earliest vesicular endocytic vesicles (EVE), early endosomes (EE), MVBs, and LEs/lysosomes to form amphisomes, also known as AVi/d. Amphisomes finally mature into functional autolysosomes, also called AVd.
Upon closure, nascent autophagosomes dissociate from the ER and undergo maturation.
Autophagosome maturation involves multiple entry sites for endocytic vesicles
AVs can be classified into three types in EM analysis based on their morphology and enzymatic characteristics. Nascent autophagosomes, termed AV-initial (AVi), consist of double-membrane structures containing unaltered cytoplasmic constituents. AV-intermediates (AVi/ds) represent amphisomes with a single limiting membrane that shows no or early signs of content degradation, while AV-degradative (AVd) structures are autolysosomes containing components at various stages of degradation (Eskelinen, 2005; Fig. 1 ). A series of elegant EM analyses using different endosome labeling methods were performed in the 1990s to determine the stage of the autophagic and endocytic pathway when the fusion occurs (Dunn, 1990; Tooze et al., 1990; Yokota et al., 1995) . Dunn (1990) revealed that maturation of AVs into degradative vacuoles in rat liver cells occurs in a stepwise fashion by sequential acquisition of lysosome membrane proteins and lysosomal hydrolases and acidification of the lumen. These steps appear to involve fusion with different stages of endolysosomal compartments (Dunn, 1990) . Tooze et al. (1990) showed that the endocytic tracer HRP (a marker of fluid phase endocytosis) is first detected in AVi/ds (amphisomes) in pig exocrine pancreatic cells, indicating the convergence of early endosomes and AVis. Using immunogold cytochemistry and morphometric analysis, Liou et al. (1997) also found that in rat liver cells, AVis coalesce with vesicular endosomes, including small vesicles of the size of the earliest endocytic vesicles, and multivesicular bodies (MVBs). AVi is preferred over AVi/d and AVd as the partner for fusion with endocytic structures (Liou et al., 1997) . Thus, fusion of autophagosomes with endosomes and lysosomes does not occur in a random order or in a strict sequential order, but in a multistage fashion (Fig. 1) . The composition and spatiotemporal distribution of endolysosomal compartments, which vary in different cell types and even under different growth conditions, may result in different preferential fusion combinations.
Fusion of AVs with functional early endosomes and MVBs is required for autophagy. Impairment of early endosome function by depleting COPI subunits (β′, β, or α) inhibits autophagosome maturation, resulting in accumulation of AVis and AVi/ds (Razi et al., 2009 ). The accumulated AVs may have fused with very early endocytic compartments (before the appearance of the early endosomal protein EEA1), but are not acidic and lack lysosomal proteases (Razi et al., 2009) . Autophagosome maturation is also impaired when the formation of functional MVBs is disrupted by impairing the activities of ESC RT, which is required for the invagination of the endosomal membrane and the formation of intraluminal vesicles (Filimonenko et al., 2007; Lee et al., 2007) . Both autophagosomes and amphisomes accumulate in ESC RT-depleted cells, depending on the cell type and cell context (Filimonenko et al., 2007; Lee et al., 2007; Rusten et al., 2007) . ESC RT proteins may be involved in the recruitment of factors essential for fusion, such as Rab7, to modulate autophagosome maturation (Urwin et al., 2010) .
Live-cell imaging revealed that in addition to complete fusion, LC3-labeled autophagosomes/amphisomes can undergo kiss-and-run fusion with late endosomes (LEs)/lysosomes. In this process, a portion of the vesicle contents is delivered, but the two vesicles ultimately stay separate (Jahreiss et al., 2008) . The mechanisms underlying this multievent delivery remain unknown.
SNA RE complexes mediate autophagosome-LE/ lysosome fusion
Membrane fusion is driven by the formation of four-helix bundles from one of each of the Qa, Qb, Qc, and R SNA RE proteins that are localized in opposing membranes (Jahn and Scheller, 2006) . Assembly of the trans-SNA REs is spatiotemporally controlled by the actions of Rab GTPase and tethering factors (Fig. 2 A) .
The STX17-SNAP29-VAMP8 complex and the YKT6-SNAP29-STX7 complex Two cognate SNA RE complexes act additively to mediate fusion of autophagosomes with LEs/lysosomes ( Fig. 2 B) . One complex consists of the autophagosomal-localized STX17 (Qa), SNAP29 (Qbc), and endolysosomal-localized VAMP8 (mammalian cells)/ VAMP7 (Drosophila melanogaster and Caenorhabditis elegans; Itakura et al., 2012) . Another complex is composed of the autophagosomal R-SNA RE YKT6, SNAP29, and lysosomal-localized Qa SNA RE STX7 (Matsui et al., 2018) . Depletion of these SNA RE proteins causes accumulation of autophagosomes in different systems (Sato et al., 2011; Itakura et al., 2012; Takáts et al., 2013; Matsui et al., 2018) . YKT6 also forms a complex with STX17 and SNAP29 (Matsui et al., 2018) , which could be involved in fusion of autophagosomes with amphisomes/autolysosomes or homotypic fusion of autophagosomes and/or autolysosomes, depending on their respective localization. Multiple sets of SNA RE complexes may promote the fusion efficiency or mediate fusion of autophagosomes with different populations of LEs/lysosomes containing differential levels of VAMP7/8 and STX7. Disassembly of the cis-SNA RE complex on postfusion membranes, a process catalyzed by NSF and αSNAP, is essential for completion of the autophagosome-LE/lysosome fusion process (Ishihara et al., 2001; Abada et al., 2017) .
When and how are the STX17 and YKT6 proteins translocated to autophagic structures? STX17 and YKT6 are absent in IMs and are independently targeted to autophagosomes (Matsui et al., 2018) . The recruitment of STX17 is accompanied by autophagosome closure. STX17 also labels elliptical autophagosome-like structures in cells deficient in ESC RT-III components and the ATG8 conjugation system, suggesting that STX17 can be recruited before the completion of autophagosome closure (Tsuboyama et al., 2016; Takahashi et al., 2018) . The mechanisms mediating the targeting of STX17 and YKT6 to autophagosomes are distinct from their targeting to other membrane compartments. STX17 is a hairpin-tailed membrane-localized protein (Itakura et al., 2012) . The charged residues at the C-terminal flanking region are important for targeting of STX17 to the ER and mitochondria, but are dispensable for its localization to the autophagosome, while the glycine zipper-like motif in the trans-membrane domains is essential for integration of STX17 into the autophagosomal membrane but not for its targeting to the ER and mitochondria (Itakura et al., 2012) . In YKT6, the C-terminal cysteine residues for palmitoylation and farnesylation are essential for its Golgi localization but dispensable for its targeting to autophagosomes (Matsui et al., 2018) . The N-terminal longin domain is required and sufficient for the autophagosomal localization of YKT6 (Matsui et al., 2018) . Efficient translocation of STX17 to autophagosomes is facilitated by the small guanosine triphosphatase IRGM in human cells (Kumar et al., 2018) . IRGM interacts directly with STX17 and also with ATG8s via a noncanonical LIR region (Kumar et al., 2018) . The motifs involved in targeting STX17 and YKT6 to autophagosomes need to be released for subsequent assembly of trans-SNA RE complexes. The LIR motif within the SNA RE domain of STX17 binds to ATG8s (Kumar et al., 2018) . The longin domain in YKT6 binds to the intramolecular SNA RE domain to inhibit SNA RE complex assembly. However, ATG8s are not essential for STX17 and YKT6 recruitment. In cells depleted of all six ATG8s, or lacking the Atg8 conjugation system, STX17 and YKT6 still target to autophagosomes (Tsuboyama et al., 2016) . SNAP29 contains neither a trans-membrane domain nor a membrane-anchoring lipidation site, and thus it is recruited by interacting with STX17 or STX7.
VAMP7/8 are targeted to lysosomes via endocytic internalization and trafficking. The endolysosomal trafficking of VAMP7/8 is regulated by Rab21 and its guanine nucleotide exchange factor (GEF) protein MTMR13 (Jean et al., 2015) . Rab21 interacts with VAMP7/8, and the interaction is enhanced in response to starvation. In Rab21-or MTMR13-depleted cells, VAMP8 accumulates at early endosomes and leads to an increased number of autophagosomes (Jean et al., 2015) .
To maintain membrane identity and also to drive new rounds of fusion events, post-fusion SNA REs traffic back to their steady-state locations. Dissociation of STX17 from autolysosomes coincides with the collapse of the autophagosomal inner membrane and is independent of luminal acidification (Tsuboyama et al., 2016) . The molecular mechanisms sensing the integrity of the inner membrane and retrieval of SNA REs from autolysosomes have yet to be determined.
Tether proteins determine the fusion specificity of autophagosomes with LEs/lysosomes Tethers enhance vesicle fusion specificity and efficiency. Tethering factors capture intracellular trafficking vesicles and bring them closer with targeting membranes, promoting and/or stabilizing the assembly of SNA RE complexes (Cai et al., 2007; Yu and Hughson, 2010) . Tethers are recruited to specific membranes via their coordinated binding to Rab proteins, phospholipids, and SNA REs (Cai et al., 2007; Yu and Hughson, 2010) . Multiple tethering factors have been identified that localize on autophagosomes and/or LEs/lysosomes to promote autophagosome maturation ( Fig. 2 C) .
EPG5
The essential autophagy gene EPG5 was identified from genetic screens in C. elegans (Tian et al., 2010) . EPG5 is localized on LEs/ lysosomes under normal growth conditions and targets amphisomes/autolysosomes upon autophagy induction . EGP5 is a Rab7 effector, and Rab7 mediates its membrane targeting. EPG5 recognizes autophagosomes by interacting with LC3 and also with assembled STX17-SNAP29. EPG5 stabilizes and facilitates the assembly of trans-SNA RE proteins to facilitate fu- (C) Tethering proteins, including EPG5, HOPS, and PLE KHM1, simultaneously bind to ATG8s on autophagosomes and Rab7 on LEs/lysosomes to tether the autophagosomes/amphisomes with LEs/lysosomes for fusion. GRA SP55 binds to Atg8s and LAMP2 on lysosomes. Lysosomal-localized BRU CE tethers autophagosomes through interaction with both ATG8s and STX17. HOPS has also been shown to target to autophagosomes via the Mon1-Ccz1-Rab7 module to promote autophagosome maturation. Rab7 is cycled between inactive GDP forms and active GTP forms by the Mon1-Ccz1 complex and the GAP protein Armus, respectively, during autophagosome maturation. sion between autophagosomes and LEs/lysosomes . EPG5 depletion causes formation of nondegradative autolysosomes (Zhao et al., 2013a; Wang et al., 2016) . The membrane tethering and fusion-promoting activity of EPG5 has also been demonstrated in STX17-SNAP29-VAMP7-mediated fusion of reconstituted proteoliposomes .
ATG14
ATG14, a component of the VPS34 PI(3)P kinase complex, is also localized on sealed autophagosomes. ATG14 binds to the SNA RE core domain of STX17 and stabilizes the STX17-SNAP29 complex to promote fusion of autophagosomes to endolysosomes (Diao et al., 2015) . In reconstituted proteoliposome systems, ATG14 contains tethering activity and also promotes membrane fusion mediated by the STX17-SNAP29-VAMP8 complex (Diao et al., 2015) .
Homotypic fusion and protein sorting (HOPS) complex
The multisubunit HOPS complex is involved in multiple fusion processes with LEs/lysosomes (Yu and Hughson, 2010) . HOPS is recruited to the membrane by binding to Rab7 and phospholipids such as PI(3)P (Stroupe et al., 2006) . HOPS facilitates membrane fusion by promoting the assembly of the trans-SNA RE complex, and also by functioning as an SM protein to promote SNA RE-mediated fusion (Cai et al., 2007; Yu and Hughson, 2010) . The HOPS complex is recruited to autophagosomes via its interaction with STX17 (Jiang et al., 2014; Takáts et al., 2014) or by the Mon1-Ccz1-Rab7 module (Hegedűs et al., 2016; Gao et al., 2018b) to promote autophagosome maturation.
PLE KHM1
PLE KHM1 acts as a Rab7 effector and is localized on LEs/ lysosomes (Tabata et al., 2010) . PLE KHM1 binds to ATG8 family proteins (see below), preferentially to GAB ARAPs, for autophagosome capture (McEwan et al., 2015; Nguyen et al., 2016) . PLE KHM1 recruits the HOPS complex to LEs/lysosomes and hence promotes the assembly of the SNA RE complex (McEwan et al., 2015) . The function of PLE KHM1 in autophagosome maturation appears to be cell type specific. Depletion of PLE KHM1 causes no autophagy defect in A549 lung adenocarcinoma cells (Tabata et al., 2010) or in C. elegans .
Baculovirus IAP repeat-containing ubiquitinconjugating enzyme (BRU CE)
BRU CE is localized on LEs/lysosomes and promotes autolysosome formation independent of its ubiquitin-conjugating activity (Ebner et al., 2018) . BRU CE interacts with ATG8s, preferentially with GAB ARAP and GAB ARA PL1, via noncanonical LIR-containing regions, and also interacts with STX17 and SNAP29 (Ebner et al., 2018) . Depletion of BRU CE leads to a defect in autophagosome-lysosome fusion (Ebner et al., 2018) .
GRA SP55
The Golgi stacking protein GRA SP55 is O-GlcNAc modified and locates in medial and trans-Golgi cisternae. Upon de-O-GlcNAcylation under glucose starvation, GRA SP55 is targeted to autophagosomes and LEs/lysosomes . GRA SP55 interacts via a LIR motif with Atg8 members, preferentially with LC3B, and simultaneously binds to LAMP2 on LEs/lysosomes to promote fusion . Depletion of GRA SP55 inhibits autophagosome maturation, while expression of an O-GlcNAcylation-defective GRA SP55 mutant accelerates autophagic flux .
Multiple tethering factors may act coordinately to enhance the efficiency and specificity of fusion, and mediate the fusion of autophagosomes with different populations of LEs/lysosomes. Different tethering factors may be differentially preferred by distinct SNA RE complexes. Furthermore, different tethers may have distinct functions in mediating autophagosome-lysosome and amphisome-lysosome fusion in different cell types, tissues, and stress conditions, resulting in accumulation of AVs at different stages in a cell context-dependent manner. Tethers and SNA RE proteins governing the fusion of autophagosomes with early endocytic vesicles remain to be determined.
ATG8 family members promote autophagosome maturation ATG8 family members play multiple roles in autophagy. The single ATG8 in yeast is essential for IM expansion (Nakatogawa et al., 2009; Feng et al., 2014) .
LGG-1 and LGG-2 in C. elegans, which belong to the GAB ARAP and LC3 families, respectively, act differentially in autophagy.
LGG-1 depletion blocks autophagosome formation, while loss of LGG-2 causes the formation of smaller autophagosomes (Wu et al., 2015) . Mammalian cells contain six ATG8 homologues, in the LC3 subfamily (LC3A, LC3B, and LC3C) and the GAB ARAP subfamily (GAB ARAP, GAB ARA PL1, and GAB ARA PL2). The LC3 subfamily promotes elongation of IMs, while the GAB ARAP subfamily acts at the step of autophagosome closure (Weidberg et al., 2010) . In cells depleted of all six ATG8s, sealed autophagosomes can be formed, but the process is severely delayed and the autophagosomes are smaller (Nguyen et al., 2016) .
ATG8s, predominantly the GAB ARAP subfamily, play important roles in autophagosome maturation (Nguyen et al., 2016; Pontano Vaites et al., 2017) . Autophagosome-lysosome fusion is severely impaired by depletion of the three GAB ARAP members, and is almost completely blocked by depletion of all six ATG8s (Nguyen et al., 2016; Pontano Vaites et al., 2017) . Tethering factors, including EPG5, PLE KHM1, BRU CE, and GRA SP55, interact with ATG8s for initial capture of autophagosomes. ATG8s also target HOPS to the autophagosome via direct interaction or indirectly by recruiting the Mon1-Ccz1-Rab7 module (Manil-Ségalen et al., 2014; Gao et al., 2018b) . GAB ARAPs also target palmitoylated PI4KIIα to autophagosomes for generation of PI(4)P, which is critical for autophagosome-lysosome fusion . LC3 and GAB ARAP possess membrane tethering and homotypic fusion activity (Nakatogawa et al., 2007; Weidberg et al., 2011; Wu et al., 2015) , which may directly contribute to fusion of autophagic structures. In contrast to cells depleted of all ATG8s, cells deficient in the ATG8 conjugation systems (e.g., ATG3, ATG5, and ATG7 KO cells) can still support the fusion of STX17-positive autophagosome-like structures with lysosomes (Tsuboyama et al., 2016) . Thus, lipidation of ATG8s may not be absolutely required for their role in autophagosome maturation. The ATG8 conjugation system is also important for efficient degradation of the inner autophagosomal membrane (Tsuboyama et al., 2016) .
Rabs, GEFs, and GTPase-activating proteins (GAPs) regulate autophagosome maturation Rab GTPases specify membrane identity and regulate various processes of intracellular vesicle trafficking, including budding, uncoating, transport, and fusion, by recruiting effector proteins (Stenmark, 2009; Mizuno-Yamasaki et al., 2012) . Rab proteins cycle between GTP-bound active forms and GDP-bound inactive forms. The recruitment, activation, and function of Rab proteins at a specific membrane compartment is controlled by the concerted actions of GEFs and GAPs (Mizuno-Yamasaki et al., 2012) . GEFs target Rabs to a specific membrane and also catalyze exchange of GDP to GTP, which triggers recruitment of downstream effectors by Rabs (Stenmark, 2009; Mizuno-Yamasaki et al., 2012) . GAPs terminate Rab function in trafficking by accelerating conversion from the GTP-to the GDP-bound form (Stenmark, 2009 ).
Rab7 is located on LEs/lysosomes (Gutierrez et al., 2004; Jäger et al., 2004; Szatmári and Sass, 2014) . In Rab7-knockdown cells, fusion of autophagosomes with early endosomes and MVBs still occurs, but fusion with lysosomes is blocked (Gutierrez et al., 2004; Jäger et al., 2004; Eskelinen, 2005) . Rab7 on LEs/lysosomes recruits tethering factors, including EPG5, PLE KHM1, and HOPS, to promote the assembly of trans-SNA RE complexes for fusion ( Fig. 2 C) . Rab7 also functions on autophagosomes to promote maturation (Hegedűs et al., 2016; Gao et al., 2018b) . The Mon1-Ccz1 complex, which acts as the Rab7 GEF and stabilizes its localization (Nordmann et al., 2010) , is targeted to autophagosomes via direct interaction with ATG8, which in turn recruits Rab7 and HOPS to promote autophagosome fusion with LEs/lysosomes (Hegedűs et al., 2016; Pontano Vaites et al., 2017; Gao et al., 2018b) .
The membrane trafficking function of Rab7 is under tight spatiotemporal control. Rab7 inactivation triggers its release and facilitates completion of fusion. TBC/Rab GAP Armus (TBC1D2A), which is recruited to autophagosomes via interaction with LC3, promotes Rab7 cycling and thus facilitates autophagosome maturation (Carroll et al., 2013) . Armus depletion impairs Rab7 inactivation and delays autophagic flux (Carroll et al., 2013) .
Rab2, previously known to regulate vesicle trafficking at the ER and Golgi, is also involved in autophagosome maturation. Rab2 localizes to autophagosomes and recruits the HOPS complex to promote autophagosome maturation (Fujita et al., 2017; Lőrincz et al., 2017) . Rab2 depletion causes accumulation of autophagosomes in fly cells and amphisomes or autolysosomes in MEF cells (Fujita et al., 2017; Lőrincz et al., 2017) .
Vps34 PI(3)P kinase complexes modulate autophagosome maturation
Two Vps34 PI(3)P kinase complexes have been identified that act at different steps of the autophagy pathway. Both of them contain Beclin 1, hVps34, and hVps15, while UVR AG and Atg14L bind to Beclin 1 in a mutually exclusive manner (Matsunaga et al., 2009 ). The Atg14L-containing Vps34 complex generates PI(3)P, which is essential for autophagosome formation (Feng et al., 2014) . Temporal turnover of PI(3)P from end-stage IMs and/or nascent autophagosomes triggers disassociation of PI(3)P-binding proteins and other Atg proteins and is a prerequisite for fusion of autophagosomes with endolysosomal compartments. Loss of function of the myotubularin PI(3)P phosphatase Ymr1 results in persistent association of Atg proteins with autophagosomes that fail to fuse with the vacuole in yeast (Cebollero et al., 2012) . Loss of function of the C. elegans myotubularin family PI(3)P phosphatase MTM-3 causes persistent association of ATG-18 and impairs autophagosome maturation . PI(3)P, however, is also required for autophagosome maturation. PI(3)P on autophagosomes facilitates the recruitment of Mon1/ Ccz1 or directly stabilizes Rab7 (Hegedűs et al., 2016; Bas et al., 2018; Gao et al., 2018b) . Therefore, PI(3)P levels on autophagic structures must be deliberately controlled to ensure autophagosome maturation.
The UVR AG-containing PI(3)P kinase complex promotes autophagosome maturation (Matsunaga et al., 2009) . UVR AG is localized on early endosomal compartments under normal growth conditions (Liang et al., 2008) . Upon autophagy induction, UVR AG efficiently recruits the HOPS complex to AVs, thus stimulating Rab7 activity and autophagosome maturation (Liang et al., 2008) . UVR AG also activates the kinase function of the hVps34 complex (Sun et al., 2010) . Targeting of the UVR AG-Beclin1-Vps34 complex to autophagosomes is mediated by protein associated with UVR AG as autophagy enhancer (Pacer), which is recruited to autophagosomes by its interaction with STX17 and phosphoinositides (Cheng et al., 2017) . The role of the UVR AGcontaining hVps34 complex in autophagosome maturation is negatively regulated by Rubicon (Matsunaga et al., 2009; Zhong et al., 2009) . Rubicon is highly enriched on early endosomes and directly interacts with Rab7, preferentially with GTP-bound Rab7 (Sun et al., 2010; Tabata et al., 2010) . Rubicon interacts with Rab7 and UVR AG in a mutually exclusive manner (Sun et al., 2010) . Rubicon may regulate autophagosome maturation by sequestration of UVR AG, thus preventing it from stimulating Vps34 kinase activity and binding HOPS (Liang et al., 2010; Sun et al., 2010) . The role of UVR AG in autophagosome maturation has been challenged by several recent studies. UVR AG is not present in the HOPS complex that mediates autophagosome maturation (Jiang et al., 2014) . The fusion of autophagosomes with lysosomes is largely unaffected by depletion of UVR AG in Drosophila and also in mammalian cells (Itakura et al., 2008; Jiang et al., 2014; Takáts et al., 2014) . The role of UVR AG in autophagosome maturation may depend on specific cell contexts, which differ in endolysosomal compartments, and also on experimental conditions, such as UVR AG overexpression.
The location of PI(3)P, Rabs, and tethering factors for autophagosome maturation PI(3)P, Rabs, and tethering factors act coordinately to promote the assembly of the trans-SNA RE complex. The sites where these different components function during autophagosome maturation have not been fully elucidated. Some components act at multiple steps of the autophagy pathway, and their late function during autophagosome maturation may be masked by their role in earlier steps of autophagosome formation. For example, Atg14 and PI(3)P act at both autophagosome formation and maturation (Feng et al., 2014; Diao et al., 2015; Bas et al., 2018) . The location at which these factors act and the stage of the AVs that accumu-late after their depletion are mainly determined by their colocalization with LC3, STX17, and markers for LEs/lysosomes. LC3 and STX17 label nascent autophagosomes, amphisomes, and also autolysosomes (early-stage autolysosomes for STX17; Tsuboyama et al., 2016) . More comprehensive analysis using a combination of assays, such as immuno-EM analysis, reporters for different vesicles, and tracers that are delivered to different stages of endocytic vesicles, is lacking for most of the factors involved in autophagosome maturation.
In vitro reconstitution of the fusion of autophagosomes with endosomes/lysosomes is useful to identify the essential factors and also to define the location of these factors during autophagosome maturation. Using isolated yeast vacuoles, autophagosomes, and cytosolic material derived from wild-type and mutants depleted of a specific autophagy gene, it was determined that Atg14 and Vps34 must be present in the cytosolic fraction for fusion to occur (Bas et al., 2018) . Ypt7 (yeast Rab7 homologue) acts on both autophagosomes and vacuoles to enhance fusion efficiency (Bas et al., 2018) . Consistent with this, purified autophagosomes carry Ypt7 and Mon1-Ccz1 on their surface (Gao et al., 2018a) . Autophagosome-localized PI(3)P, generated by cytosolic Atg14/Vps34, may help to recruit and stabilize the Mon1-CCz1-Ypt7 complex on autophagosomes (Bas et al., 2018; Gao et al., 2018a) . HOPS function is required on vacuoles but not on autophagosomes in the in vitro reconstitution assay (Bas et al., 2018) , although previous studies showed that HOPS also acts on autophagosomes to promote fusion (Bas et al., 2018; Gao et al., 2018a) . The in vitro reconstitution assay also revealed that autophagosome-vacuole fusion requires the R-SNA RE Ykt6 on the autophagosome and Vam3 (Qa), Vti1 (Qb), and Vam7 (Qc) on the vacuole (Gao et al., 2018a; Bas et al., 2018) .
Lysosomal properties modulate fusion with autophagosomes and amphisomes
Lysosomes are the final destination for degradation of autophagosome-enclosed materials and also serve as a platform for mTORC1 activation to regulate autophagy induction. The acidic environment of lysosomes is not essential for autophagosomelysosome fusion (Mauvezin et al., 2015; Tsuboyama et al., 2016) . However, the lysosomal membrane protein LAMP2 promotes fusion of lysosomes with autophagosomes/amphisomes (Tanaka et al., 2000; Eskelinen, 2005) . LAMP2 has been shown to interact with GRA SP55 to facilitate the fusion process .
The lipid composition of the lysosomal membrane also regulates the fusion capability of lysosomes. Reduction or elevation of the lysosomal PI(3,5)P 2 level impairs autophagosome/amphisome-lysosome fusion (de Lartigue et al., 2009; Ferguson et al., 2009) . PI(3,5)P 2 is synthesized by the PI(3)P 5-kinase Fab1 (PIKfyve) and degraded by FIG4 (the PI(3,5)P 2 5-phosphatase)/VAC14 (the scaffold protein; Gary et al., 1998 Gary et al., , 2002 . Fab1 is required for the maturation of amphisomes to autolysosomes (Rusten et al., 2007) . Mice deficient in Fig4 and Vac14 have a severely reduced cellular concentration of PI(3,5)Ps and also exhibit a defect in formation and recycling of autolysosomes (Ferguson et al., 2009 ). The lysosomal-localized inositol polyphosphate-5-phosphatase E (INPP5E) down-regulates lysosomal PI(3,5)P 2 , which stabilizes actin filaments on the lysosome surface that are essential for ly-sosome-autophagosome fusion (Hasegawa et al., 2016) . Autophagosomes accumulate in INPP5E-depleted cells (Hasegawa et al., 2016) . Levels of lysosomal cholesterol also modulate autophagic flux. The myosin MYO1C facilitates recycling of cholesterol-enriched lipid rafts from intracellular compartments to the cell surface. Aberrant accumulation and distribution of cholesterol in the endolysosomal membrane in MYO1C-depleted cells or in lysosomal storage disorder cells are linked to reduced fusion of lysosomes with AVs (Fraldi et al., 2010; Brandstaetter et al., 2014) . Cholesterol-enriched endolysosomal membranes sequestrate assembled SNA RE complexes, including Syntaxin 7 and VAMP7 and thus impair their sorting and recycling (Fraldi et al., 2010) . Other aspects of LEs/lysosomes influenced by a change in cholesterol levels, such as membrane rigidity and fluidity, may also impact autophagosome-lysosome fusion.
Lysosome positioning regulates fusion with autophagosomes and amphisomes
Lysosomes are most concentrated in the perinuclear region in nonpolarized cells and their position influences their function (reviewed in Pu et al., 2016) . Autophagosomes are formed throughout the cytoplasm (Jahreiss et al., 2008) . Fusion is modulated by bidirectional movement of autophagosomes and lysosomes. Autophagosomes in the cell periphery move centripetally to fuse with juxtanuclear lysosomes or with lysosomes that undergo centrifugal transport. The centripetal movement (also known as minus end transport) of autophagosomes and lysosomes is driven by the motor protein dynein, while their centrifugal movement (plus end transport) is mediated by kinesin motors (Jahreiss et al., 2008; Pu et al., 2016) . Lysosome distribution is responsive to nutrient availability and influences mTORC1 activity. Starvation induces perinuclear clustering of lysosomes and inhibits mTORC1, while relocalization of lysosomes to the periphery by overexpression of kinesin activates mTORC1 (Korolchuk et al., 2011) . Movement of lysosomes, autophagosomes, and amphisomes affects their fusion frequency and also influences recruitment of tethering factors. The Rab7 effector FYCO1, which binds to LC3 and PI(3)P, mediates plus end-directed AV transport (Pankiv et al., 2010) . Depletion of FYCO1 leads to the perinuclear accumulation of clustered AVs. Transport and positioning of lysosomes and AVs are also regulated by the cholesterol-sensing Rab7 effector ORP1L (Rocha et al., 2009; Wijdeven et al., 2016) . ORP1L is localized on LEs/lysosomes, amphisomes, and autolysosomes and adopts different conformational states specified by the cholesterol level on these vesicles (Rocha et al., 2009; Wijdeven et al., 2016) . Under low cholesterol conditions, ORP1L forms a complex with VAPA on the ER, which removes the p150 Glued subunits of the dynein-dynactin motor from the Rab7-RILP complex and subsequently suppresses the centripetal movement of these vesicles (Rocha et al., 2009; Wijdeven et al., 2016) . Formation of the ORP IL-VAPA ER complex also inhibits the Rab7-RILP-mediated recruitment of PLE KHM1 and the HOPS complex, which impairs autophagosome maturation (Wijdeven et al., 2016; Fig. 3) .
Lysosome dispersal increases the fusion of lysosomes with peripheral autophagosomes, which is also required for autophagic flux (Fig. 3) . The multisubunit BORC complex interacts with ARL8 on lysosomes to promote ARL8-dependent association to kinesins, resulting in lysosome movement toward the cell periphery. Depletion of BORC causes the juxtanuclear accumulation of lysosomes without affecting mTORC1 activity and reduces the frequency of encounter of peripheral autophagosomes with lysosomes (Jia et al., 2017) . BORC also promotes the ARL8-mediated recruitment of the HOPS complex and subsequently facilitates the assembly of STX17-SNAP29-VAMP8 for autophagosomelysosome fusion (Jia et al., 2017) . ARL8b also directly binds to PLE KHM1 (Marwaha et al., 2017) . Therefore, the movement of autophagosomes and lysosomes affects the frequency of encounter and also the recruitment of fusion factors.
Nutrient status integrates into the autophagosome maturation machinery
Nutrient status is sensed by distinct signals that ultimately impinge on the Atg1 complex and the Vps34 complex to regulate autophagy induction. Starvation also promotes autophago-some maturation by enhancing the fusion process and lysosome biogenesis (Fig. 4) . Levels of UDP-GlcNAc, the precursor for post-translational O-GlcNAcylation, are highly responsive to the availability of glucose, fatty acids, uridine, and glutamine (Slawson et al., 2010) . Some components of the autophagosome fusion machinery are O-GlcNAc modified. SNAP29 is O-GlcNAcylated at multiple sites (Ser2, Ser61, Thr130, and Ser153 in mammals and Ser70, Ser134, Thr143, and Ser249 in C. elegans) , and levels of O-GlcNAcylated SNAP29 are reduced by nutrient starvation (Guo et al., 2014) . O-GlcNAc modification attenuates the interaction of SNAP29 with STX17 and VAMP8/7. Loss of function of OGT-1 (O-GlcNAc transferase) or mutation of the O-GlcNAc sites in SNAP29 promotes formation of the SNAP29-containing SNA RE complex and enhances autophagic flux (Guo et al., 2014) . De-O-GlcNAcylation of GRA SP55 elicits its translocation to autophagosomes and LEs/lysosomes to promote fusion . The interaction of UVR AG with Rubicon is enhanced by mTORC1-mediated phosphorylation of UVR AG at Ser498 (Kim Figure 3 . Lysosome positioning modulates autophagosome-lysosome fusion efficiency. Center: Amphisome-and lysosome-localized ORP1L senses cholesterol levels. Under adequate cholesterol conditions, ORP1L binds to cholesterol on the membrane through its ORD domain, which further binds to Rab7/ RILP for subsequent recruitment of PLE KHM1 and HOPS to facilitate autophagosome-endolysosome fusion. ORP1L also promotes the centripetal movement of amphisomes/autolysosomes through RILP-mediated recruitment of the motor protein dynein. Top: Under low-cholesterol conditions, the interaction of ORP1L with the ER protein VAPA tethers AVs to the ER, which inhibits dynein-mediated centripetal transport and also impairs autophagosome-lysosome fusion by reducing the recruitment of tether proteins. Bottom: The BORC complex increases the ARL8-dependent interaction with kinesins, leading to the centrifugal movement of lysosomes to the cell periphery for efficient fusion with autophagosomes. BORC also facilitates the fusion process by recruiting HOPS and promoting assembly of the STX17-SNAP29-VAMP8 SNA REs. PM, plasma membrane. et al., 2015) . Dephosphorylation of UVR AG triggers the release of Rubicon, which then positively regulates Vps34 kinase activity and also interacts with the HOPS complex (Kim et al., 2015) . Therefore, post-translational modifications such as O-GlcNAcylation and phosphorylation serve as a mechanism for integrating nutrient availability with autophagosome maturation.
Starvation and stress also promote nuclear localization and activity of the bHLH-leucine zipper transcription factors TFEB and/or TFE3, which activate a network of genes involved in autophagosome and lysosome biogenesis and also autophagosomelysosome fusion (Raben and Puertollano, 2016) . Phosphorylation controls the cytoplasmic-nuclear shuttling of TFEB/TFE3; the nonphosphorylated proteins translocate into the nucleus. Distinct nutrient stimuli are transduced via different signaling pathways to mediate phosphorylation of TFEB/TFE3. Phosphorylation of TFEB at Ser 142 via extracellular signal-regulated kinase 2 retains TFEB in the cytosol (Settembre et al., 2011) . mTORC1, which senses amino acid status and other stresses, phosphorylates TFEB at Ser211 and TFE3 at Ser321, creating binding sites for 14-3-3 proteins that mediate cytosolic retention (Settembre et al., 2012; Raben and Puertollano, 2016) . Under starvation conditions, TFEB/TFE3 are dephosphorylated by calcineurin, a phosphatase activated by starvation-triggered lysosomal calcium release (Medina et al., 2015) . PKC also controls nuclear translocation and activation of TFEB by regulating GSK3β activity (Li et al., 2016) . GSK3β phosphorylates TFEB at Ser 134 and Ser 138 (Li et al., 2016) .
The zinc-finger family DNA-binding protein ZKS CAN3 acts in opposition to TFEB/TFE3 to repress transcription of a set of genes involved in lysosome biogenesis/function and autophagosome-lysosome fusion (Chauhan et al., 2013) . Subcellular localization of ZKS CAN3 is modulated by nutrient availability and stress (Chauhan et al., 2013) . PKC activates JNK and p38 MAPK to phosphorylate ZKS CAN3 at Thr 153, which triggers ZKS CAN3 translocation out of the nucleus (Li et al., 2016) .
Autophagosome maturation and neurodegenerative diseases
In neurons, distinct from other cell types, autophagosome formation and maturation exhibit spatiotemporal features. Autophagosomes are preferentially generated at the distal tip of the axon, and then undergo retrograde trafficking through the axon to the soma, accompanied by stepwise maturation into autolysosomes (Maday et al., 2012) . Autophagosome formation in neurons requires the same set of autophagy proteins, although the membrane source for expansion of IMs may be distinct (Maday and Holzbaur, 2014) . The STX17-containing SNA RE complex, Rab7, EPG5, and the HOPS complex are involved in autophagosome maturation (Bains et al., 2011; Peng et al., 2012; Takáts et al., 2013; Zhao et al., 2013a; Cheng et al., 2015; Zhen and Li, 2015) . Neurodegenerative diseases, such as Huntington's disease, Parkinson's Starvation decreases O-GlcNAcylation of SNAP29 and promotes its interaction with STX17 and VAMP8 to form trans-SNA RE complexes for autophagosome-LE/lysosome fusion. Starvation-induced de-O-GlcNAcylation of GRA SP55 causes its translocation to autophagosomes. De-O-GlcNAcylated GRA SP55 simultaneously binds to LC3 and LAMP2 to facilitate autophagosome maturation. Inhibition of mTORC1 activity by starvation leads to dephosphorylation of UVR AG, which releases Rubicon and subsequently recruits HOPS to promote autophagosome fusion. The transcription of a network of genes involved in autophagosome-lysosome fusion is activated by the transcription factor TFEB and inhibited by the transcriptional repressor ZKS CAN3. Starvation triggers dephosphorylation of TFEB, resulting in its nuclear translocation. The translocation of ZKS CAN3 out of the nucleus is also promoted by nutrient deficiency. disease, and amyotrophic lateral sclerosis (ALS), show impaired formation and function of autolysosomes, resulting in gradual accumulation of AVs in affected neurons and eventual cell death (Nixon et al., 2008) . Mice with neural-specific depletion of genes essential for autophagosome formation, including Atg5, Atg7, Fip200, and Ei24, exhibit massive neuronal death (Hara et al., 2006; Komatsu et al., 2006; Liang et al., 2010; Zhao et al., 2012) . However, these knockout mice fail to recapitulate the features of neurodegenerative diseases, including accumulation of AVs and damage of only a certain population of neurons (Hardy and Gwinn-Hardy, 1998) .
Loss of function of EPG5 causes accumulation of nondegradative AVs (Zhao et al., 2013a) . Epg5 KO mice develop age-dependent selective neuronal damage and exhibit characteristics of ALS (Zhao et al., 2013a) . The pyramidal neurons in the fifth layer of the cerebral cortices and motor neurons in the anterior horn of the spinal cord are gradually lost in Epg5 KO mice, resulting in muscle atrophy and muscle denervation (Zhao et al., 2013a) . Epg5 KO mice also display features of retinitis pigmentosa . Depletion of EPG5 impairs autophagy in various types of neurons; the mechanism underlying damage of only a specific population of neurons has yet to be determined (Zhao et al., 2013a) . Recent human genetic studies revealed that recessive EPG5 mutations are causatively linked with the multisystem disorder Vici syndrome, characterized by neurodegenerative features as displayed in Epg5 KO mice, and also a defective immune response (Cullup et al., 2013; Zhao et al., 2013b) . Mutations in the ESC RT-III complex subunit CHMP2B are associated with frontotemporal dementia and ALS (Skibinski et al., 2005; Parkinson et al., 2006) . Different factors may act differentially in autophagosome maturation in distinct types of neurons, so that their loss of function causes autophagy defects of variable severity. Accumulation of AVs may interfere with endocytic trafficking, thus contributing to selective damage of a certain population of neurons.
Conclusion
Numerous factors involved in fusion of autophagosomes with LEs/lysosomes have been identified, including Rabs, tethers, and SNA RE proteins; however, many fundamental questions remain to be answered. What is the molecular machinery that mediates the fusion of the earliest endocytic vesicles with autophagosomes? How do different tethering factors act coordinately in autophagosome maturation? Do different tethering factors mediate fusion of autophagosomes with distinct populations of endocytic vesicles? Is the homotypic fusion of autophagosomes/amphisomes/autolysosomes mediated by the same set of SNA RE proteins as heterotypic fusion? How is the fusion of autophagosomes with other vesicles, such as recycling endosomes and secretory vesicles, prevented? In EPG5-deficient cells, autophagosomes undergo nonspecific fusion with other vesicles (Zhao et al., 2013a) . How does the accumulation of AVs affect other endocytic trafficking and recycling processes? Understanding the mechanisms underlying autophagosome maturation will provide more insights into the pathogenesis of relevant human diseases as well as providing more therapeutic clues for treatment.
